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Introduction
The raising awareness of the environmental preservation and the strict regulation adopted in Europe on the subject of refrigeration have been promoting the use of natural and synthetic refrigerants with low Global Warming Potential (GWP) in all the sectors. Commercial refrigeration features both high energy consumption, which is accountable for the indirect production of environmentally harmful gases, and large working fluid leakages into the atmosphere, which directly contribute to the global warming effect. Carbon dioxide (R744) is a natural refrigerant which can almost completely work out the issue associated with the direct emissions. Furthermore, it is inexpensive, non-toxic, nonflammable and has good thermo-physical characteristics. Thanks to its great performance in cold climate locations, CO2 is capable of outperforming high GWP refrigerants as well as of reducing greenhouse gases emissions significantly. On the other hand, the performance of R744 is more depending on the heat sink temperature than in the case of the other working fluids due to its low critical temperature (30.98 °C) . This causes the occurrence of transcritical operations and consequently large temperature lift values, which penalise the CO2 machines efficiency considerably with rise in cooling medium temperature. As shown by Cavallini and Zilio (2007) , in these running modes an optimal heat rejection pressure, which maximizes the Coefficient of Performance (COP), has to be identified as a function of the gas cooler exit temperature. A large number of researchers have focused on the evaluation of the most suitable configuration for being adopted in warm climates in order to achieve similar consumption to the one exhibited by the systems using conventional refrigerants. The advanced exergy analysis represents one of the most appropriate design tools and, to this end, its application to a CO2 refrigeration system operating at high outdoor temperatures could be significantly helpful. Such type of evaluation allows identifying, locating and quantifying the irreversibilities occurring in the system under investigation. It can further evaluate the irreversibilities occurring in an individual component and the ones due to the interactions among the components. The adoption of an auxiliary compressor allows enhancing the performance of a R744 conventional system markedly, as proved by Gullo et al. (2016) , , Polzot et al. (2015) , Minetto et al. (2005) and Bell (2004) . From the thermodynamic point of view, the parallel compression enables achieving a remarkable drop in the exergy destruction rate associated with the throttling valve located upstream of the liquid receiver . Such component is characterized by the highest irreversibilities in a R744 transcritical refrigeration system (Fazelpour and Morosuk, 2014) . Besides proving the good effectiveness of the configuration with the auxiliary compressor, Sarkar and Agrawal (2010) demonstrated that the performance of the whole system is influenced by the intermediate pressure which, in turn, is affected by the value of the evaporating temperature. The existence of an optimal intermediate pressure was also proved by Bell (2004) , Minetto et al. (2005) and Chiarello et al. (2010) . On the other hand, the vapour mass flow rate (χ) compressed by means of the auxiliary compressor is an additional independent variable for the optimization procedure of such system (Gullo et al., 2016) .
In this paper, the intermediate pressure and χ were optimized for both the conventional exergy analysis and the advanced one.
The implementation of the advanced exergy analysis to a refrigeration system was carried out by to evaluate the potential improvements reachable by a Voorhees refrigerating machine. As a main result, the authors underlined that the enhancement of the system can be accomplished by reducing the inefficiencies taking place in the evaporator. Chen et al. (2015) fulfilled a conventional and an advanced exergy analysis of an ejector refrigeration system. The authors showed that the ejector itself is accountable for more than 50% of the irreversibilities occurring in the system. Furthermore, a drop in the condenser temperature difference would lead to a decrement in the inefficiencies of the heat exchanger itself and to those of the overall system. Gungor et al. (2013) investigated the unavoidable and avoidable irreversibilities associated with the components of a gas engine heat pump. Erbay and Hepbasli (2014) demonstrated that the performance enhancement of a ground-source heat pump drying system can be attained through the improvement of the condenser. Açikkalp et al. (2014) suggested paying close attention to the turbo air compressor of a trigeneration solution.
The aim of this paper is to evaluate the possible thermodynamic improvements that a R744 booster supermarket refrigeration system with parallel compression can accomplish by employing the advanced exergy analysis. To the best of the authors' knowledge, such evaluation has never applied to any transcritical CO2 refrigeration systems. The description of the system under consideration and the most important notions of both the conventional exergy analysis and the advanced one are given in Section 2. The main outcomes are then summed up and discussed in Section 3 and in Section 4, respectively. The conclusion are thus provided in Section 5.
Methodology

System description
The R744 booster refrigeration system investigated in this study is schematized in Fig. 1 . This system serves both the chilled food cabinets and the frozen food counters simultaneously since it is intended for commercial applications. Four different pressure levels can be identified (from the highest to the lowest one): the high pressure in the gas cooler/condenser, the intermediate pressure in the liquid receiver, the medium pressure in the MT evaporators and the low pressure in the evaporators at low temperature (LT). This system is different from a conventional CO2 booster refrigeration system because of the presence of an auxiliary compressor. Such component is used to draw a part or the total amount of the so-called "flash gas", i.e. the vapour which is generated at the intermediate pressure after the expansion in the high pressure (HP) expansion valve. In a conventional system, such vapour is completely throttled to the medium pressure and then it is mixed with both the refrigerant exiting the MT display cabinets and the one discharged by the low stage (LS) compressor.
Fig. 1
Schematic of a R744 booster refrigeration system with parallel compression.
The selected operating conditions, which are summarized in Table 1 , are typical of a European supermarket (Gullo et al., 2016) . The internal superheating (Table 1) is imposed by means of the thermostatic valve located upstream of the corresponding evaporator. On the other hand, due to the length of the suction lines in supermarket applications and to the presence of heat sources along the path to the compressors, the refrigerant is usually additionally superheated. This phenomenon was considered by further increasing its temperature by 5 K (Gullo et al., 2016) . The numerical model was implemented at steady state by using Engineering Equation Solver (EES) (F-Chart Software, 2015a) and assuming negligible pressure drop. Table 2 shows the global efficiencies of the CO2 compressors derived from BITZER Software (BITZER, 2015) as a function of the pressure ratio. As defined by Gullo et al. (2016) , the global efficiency of a compressor is the ratio of the power input calculated in isentropic conditions to the one indicated by the manufacturer at the same boundary conditions. As showed by Gullo et al. (2016) , four operating zones (Fig. 2) can be identified in a transcritical CO2 supermarket refrigeration cycle. In Fig. 2 , Zone I denotes the subcritical running modes in which the condensing temperature was independent of the external temperature and maintained equal to a minimum value (i.e. 9 °C). The reaching of Zone II was governed by both the outdoor temperature and the approach temperature of the condenser. It is worth remarking that the approach temperature of a heat exchanger is defined as the difference of the outgoing hot fluid temperature and the ingoing cold fluid temperature. Considering a ΔTappr,gc of 3 K and a degree of subcooling of 2 K for the investigated solution, these operating conditions started taking place at outdoor temperatures above 4 °C. In these running modes, the temperature of the R744 leaving the condenser could be computed as the sum of text and ΔTappr,gc. A transition zone (Zone III in Fig. 2 ) has to be set to allow a CO2 refrigerating unit to move from the subcritical operations to the transcritical ones gradually. Two couples of values heat rejection pressure-temperature of the CO2 exiting the gas cooler/condenser have to be chosen to define the upper limit (point B in Fig. 2 ) and the lower one (point A in Fig. 2 ) of such operating zone. The point A represented the thermodynamic state described by the condensing pressure and the outlet temperature of the refrigerant leaving the condenser of 60.03 bar and 20 °C, respectively. The point B defined the thermodynamic state identified by the heat rejection pressure and the temperature of the R744 coming out of the gas cooler equal to 75 bar and 29 °C, respectively. Furthermore, the approach temperature of the high pressure heat exchanger was progressively brought from 3 K (point A in Fig. 2) down to 2 K (point B in Fig. 2 ). In Zone III, the system was thus run along the operating conditions denoted by the segment A-B in Fig. 2 by following the correlations below:
At outdoor temperatures above 27 °C, transcritical conditions (Zone IV) occurred and, as aforementioned, an optimal high pressure was assessed as a function of the gas cooler exit temperature (Cavallini and Zilio, 2007) .
Fig. 2
Definition of the operating zones for the investigated system (Gullo et al., 2016) .
In this paper, the design outdoor temperatures of 25 °C and 35 °C were taken into account, which referred to a transition operating condition and a transcritical one, respectively. As already mentioned, the system under consideration has to be optimized as a function of both χ and the intermediate pressure in transition conditions in order to minimize the total energy consumption.
As soon as transcritical conditions take place, the gas cooler pressure becomes an additional independent variable. In this study, the optimization process was based on the implementation of the DIRECT algorithm Method (F-Chart Software, 2015b) . Neither the details regarding the existence and the computation procedure of the optimal heat rejection pressure nor the ones of the optimal intermediate pressure were included since they have already been thoroughly explained by many researchers (Sawalha, 2008; Ge and Tassou, 2011; Minetto et al., 2005; Chiarello et al., 2010) . Furthermore, the specific methodology applied to this investigation was comprehensively described by Gullo et al. (2016) , whose outcomes are summarized in Table 3 .
Table 3
Thermodynamic variables derived from the optimization procedures at the design outdoor temperatures of 25 °C and 35 °C in actual conditions (Gullo et al., 2016) . 
Exergy analysis 2.2.1. Conventional exergy analysis
The exergy of a system is the maximum useful work obtainable by bringing the system under investigation into thermodynamic equilibrium with the surroundings. Both the conventional exergy analysis and the advanced one were carried out by evaluating the exergy rate balance at steady state (Moran et al., 2011) of each component of the chosen system. The outcomes obtained were based on the assumption that the chemical, kinetics and potential exergy contributions were not significant.
The exergy destruction ratio is the ratio of the exergy destruction rate of the k-th component to the total exergy destruction rate of the overall system:
The following additional assumptions, along with those presented in Table 4 , were made:
• an increment of 5 °C in the air temperature leaving the gas cooler was chosen;
• the pinch point temperature of the gas cooler/condenser was assumed to be coinciding with its corresponding approach one. For this reason, the high pressure values showed in Table 3 were kept constant in both the conducted analyses; • the temperature and the pressure of the air flowing through both the evaporators were chosen in accordance with the values presented by Ommen and Elmegaard (2012); • conforming to Ommen and Elmegaard (2012) , the definition of the dead state does not affect the outcomes of the exergy analysis markedly. 
. Avoidable and unavoidable exergy destruction
The splitting of the destruction exergy into its avoidable and unavoidable parts reveals the real enhancements which the system under investigation can reach. In fact, the unavoidable exergy destruction (̇, ) of the component being considered represents the part of the irreversibilities which cannot be reduced due to technological and economic constraints (i.e. manufacturing methods, cost and availability of the materials). The designer's efforts thus have to be addressed to reduce the avoidable part (̇, ) Morosuk and Tsatsaronis, 2009; Tsatsaronis and MoungHo, 2002) .
̇, for the k-th component can be calculated by simulating a thermodynamic cycle in which only the unavoidable inefficiencies occur Morosuk and Tsatsaronis, 2009) . In this paper, this new cycle was based on the assumptions summarized in the third column of Table 5 .
Table 5
Assumptions made for the advanced exergy analysis.
Compressors η = 1.00 η = 0.94
Expansion valves η = 1.00 -Heat exchangers ΔT = 0.00 ΔT = 0.50 Sarkar and Agrawal (2010) demonstrated that the optimal intermediate pressure of a transcritical R744 refrigeration system employing an auxiliary compressor is firstly affected by the evaporating temperature. In unavoidable conditions, both the display cabinets underwent an increment in the refrigerant evaporating temperature to achieve the value of ΔT pointed out in Table 5 ( Morosuk and Tsatsaronis, 2009) . As a main consequence of this, new optimum values of both the intermediate pressure and χ had to be identified. This procedure was not applied in terms of optimal gas cooler pressure since ΔT , coincided with ΔT , . The implemented optimization procedure was the same as the one applied in actual operating conditions and the outcomes obtained are summarized in Table 6 . 
Endogenous and exogenous exergy destruction
The inefficiencies which occur in the k-th component when it is operating with its actual efficiency and all the remaining components are operating in ideal conditions, represent its endogenous exergy destruction (̇, ). The exogenous exergy destruction within the k-th component (̇, ) is associated with the irreversibilities taking place in the remaining components Morosuk and Tsatsaronis, 2009; Tsatsaronis, 2008) .
In the present study, ̇, of the k-th component was computed by assuming the operating conditions reported in the second column of Table 5 for the selected component and the actual running modes for the remaining components Morosuk and Tsatsaronis, 2009 ). According to Table 5 , the isentropic conditions embody the theoretical operating conditions of both the compressors and the expansion valves. As far as heat exchangers are concerned, their ideal conditions are accomplished by assuming a null value of their temperature difference between the two fluids since they cannot reach a unitary value of exergy efficiency. An optimization procedure similar to the one applied in unavoidable conditions was implemented in endogenous conditions. The outcomes obtained are summed up in Table 7 . 
Combining the two splitting approaches
The further splitting of the exergy destruction components provides the designers with significantly important information regarding the enhancement process to implement:
The avoidable endogenous (̇, , ) and the avoidable exogenous exergy (̇, , ) destruction rates of the k-th component can be reduced by lowering the irreversibilities of the components themselves and by enhancing the efficiencies of the remaining components, respectively. On the contrary, the unavoidable endogenous (̇, , ) and the exogenous parts (̇, , ) of the exergy destruction of the k-th component cannot be decreased because of technological and economic constraints of the component itself and the ones associated with the other components, respectively Morosuk and Tsatsaronis, 2009; Tsatsaronis, 2008) . A calculation procedure similar to that applied by Morosuk and Tsatsaronis (2009) was used in this paper to assess the values of ̇ and ̇, in all the evaluated cases.
Interactions among the components
The mexogenous exergy destruction (̇, ) allows understanding the concurrent interaction among the component of the system under investigation. For the k-th component, it is evaluated as:
is the exogenous exergy destruction of the k-th component due to the irreversibilities which occur in the r-th component Wang et al., 2012) . Table 8 and Table 9 show temperature, pressure, mass flow rate, specific enthalpy, specific entropy and physical exergy at the design outdoor temperatures of 25 °C and 35 °C of the actual thermodynamic cycle. The large values of the air mass flow rates flowing through the high pressure heat exchanger presented in Table 9 and Table 10 can be justified by taking into account that very low values of the gas cooler/condenser approach temperature were selected. Fazelpour and Morosuk (2014) , the contribution of HP exp to the total inefficiencies of a transcritical CO2 refrigeration unit is significant. In fact, ̇, in the evaluated system almost doubled because of the increment in the design temperature causing 8.8% at 25 °C and 13.5% at 35 °C of ̇, . As regards the auxiliary compressor, it was responsible for low percentage contributions, which added up to 3.9% (2.24 kW) and 5.8% (4.33 kW) at 25 °C and 35 °C, respectively. The exergy destruction rates associated with VB could be totally neglected due to the irrelevant mass flow rate flowing through it. At text = 25 °C, the irreversibilities caused by the mixing point upstream of HS compr and those generated by the mixing point downstream of the compressors discharge amounted to 0.41 kW and to 0.54 kW, respectively. These quantities were respectively equal to 0.44 kW and to 1.37 kW at the other selected design external temperature. Furthermore, the low exergy efficiencies of the overall system at both the chosen outdoor temperatures suggested that remarkable enhancements could be carried out. In particular, values of exergy efficiency equal to 0.176 at 25 °C and to 0.133 at 35 °C were calculated. Interesting outcomes were found in terms of exergy losses. ̇ of the chosen solution added up respectively to 1.61 kW at 25 °C and 8.92 kW at 35 °C, growing by 5.6 times due to the increase in the design temperature. This result could be related to the rise in the air exergy content.
Results
Results of the conventional exergy analysis
Results of the advanced exergy analysis 3.2.1. Avoidable and unavoidable exergy destruction
All the results of the advanced exergy analysis are summarized in Table 11 and Table 12 . With respect to the chosen system, the total preventable exergy destruction was accountable for over 58% of the total exergy destruction at both the selected design temperatures (Fig. 3a and Fig. 3b ). All the evaporators had comparable values of ̇ to the ones associated with ̇ and the inefficiencies related to all the compressors were almost completely avoidable. On the contrary, MT exp, LT exp and HP exp were characterized by higher unavoidable exergy destruction rates beside their corresponding avoidable ones. According to Fig. 4 , the total preventable exergy destruction at text = 25 °C and at text = 35 °C was mainly due to the irreversibilities taking place in HS compr (29.2-31.3%), GC (20.5-20.7%) and MT evap (22.8-17.9%). The contributions to ̇, on the part of AUX (6.2-9.3%) and of LT evap (10.4-8.2%) at both the evaluated external temperatures, and that of HP exp (7.4%) at 35 °C, were also relevant. The increment in the avoidable exergy destruction rate due to the growth in the design temperature was noteworthy for AUX and HP exp and, secondly, for GC and HS compr. 
Endogenous and exogenous exergy destruction
The irreversibilities occurring in the investigated system were mainly endogenous and, in particular, ̇, was equal to 78.4% at 25 °C and to 74.1% at 35 °C of ̇, respectively. As a main consequence of this result, its enhancement could mainly be accomplished by dropping the inefficiencies of the components themselves. As previously proved by Chen et al. (2015) , and Morosuk and Tsatsaronis (2009) , the exergy destruction rate of both the evaporators was completely endogenous independently of the external temperature. The auxiliary compressor was the only component which showed slightly greater exogenous exergy destruction rates than endogenous ones. The contribution to the total endogenous exergy rate associated with AUX, HS compr, HP exp, MT exp and LT exp enlarged as the outdoor temperature went up. Unlike them, that related to the remaining components was increasing in terms of absolute value and decreasing in relation to percentage.
Avoidable endogenous and exogenous exergy destruction
The total preventable exergy destruction rates of the evaluated system could chiefly be reduced by bringing down the inefficiencies taking place in its components. The increment in the design temperature led to a lower influence of the interactions among the components since ̇, , added up to 67.1% at text = 25 °C and to 61.1% at text = 35 °C of ̇, (Fig. 3a and Fig. 3b ). At the design temperature of 25 °C, the avoidable exergy destruction rates associated with both the evaporators were completely endogenous (Chen et al., 2015; Morosuk and Tsatsaronis, 2009) , whereas the ones of the expansion valves had null values of ̇, . The large amount of the avoidable irreversibilities of HS compr could be principally avoided by replacing it with a more efficient component. The values of ̇, of AUX, GC and LS compr were respectively equal to 57.3%, 63.0% and 43.4 % of their related total preventable exergy destruction rates. The observations associated with the outcomes computed at 25 °C could be extended to those computed at 35 °C. Furthermore, ̇, , calculated at 35 °C underwent an increase by 42.2% in comparison with that calculated at 25 °C, whereas ̇, , almost doubled. The increment of ̇, , and ̇, , due to the growth in the outdoor temperature were equal to 76.5% and 112.2%, respectively.
Interactions among components
The effect of the system under investigation on the component being taken into account are revealed by evaluating its mexogenous exergy destruction. At both the chosen design temperatures, the improvement of AUX could be reached by reducing the irreversibilities due to the simultaneous interactions among the components. ̇, , and ̇, underwent a doubling because of the increment in the external temperature. As for GC, it was substantially influenced by MT evap and, secondly, by HS compr. On the other hand, GC was accountable for the improvement of HP exp, especially at high external temperatures. Furthermore, the negative value of ̇, pointed out the need for increasing the irreversibilities of the investigated system in order to lower the ones associated with the gas cooler. The latter outcome was relevantly marked at text = 35 °C. ̇, , and ̇, , indicated a growth as a consequence of the increment in the design temperature respectively by 1.4 times and 2.2 times in comparison with the related values calculated at 25 °C. Additionally, ̇, was slightly negative at text = 35 °C. 
Discussion
According to the outcomes related to the conventional exergy analysis, the gas cooler/condenser (12.69-15.85 kW), the high stage compressor (10.90-14.86 kW) and the MT display cabinet (15.31 kW) are accountable for the highest irreversibilities taking place in the system under investigation. The exergy destruction rates associated with the high pressure expansion valve and the LT evaporator are also significant at both the evaluated design temperatures. In particular, ̇, outweighs as the external temperature goes up, whereas ̇, undergoes the opposite trend (in percentage).
At both the selected operating conditions, the chosen system presents slightly higher avoidable exergy destruction rates than unavoidable ones and larger irreversibilities occurring in the components in comparison with those due to the interactions among the components. The high stage compressor exhibits a high enhancement potential since ̇, adds up to over 89% of ̇, . Only half of the inefficiencies occurring in the MT evaporator and in the gas cooler/condenser can actually be avoided. Such result can be also extended to the LT evaporator. Furthermore, the contribution of the auxiliary compressor to the total avoidable exergy destruction is equal to 6.2% at 25 °C and 9.3% at 35 °C. The increase in the design temperature entails a slight reduction in the influence of the interactions among the components on the total irreversibilities. In fact, the total preventable endogenous exergy destruction is approximately 67% at 25 °C and 61% at 35 °C of the total endogenous avoidable exergy destruction. ̇, is the most considerable part of the avoidable exergy destruction related to the high stage compressor. The avoidable irreversibilities associated with both the auxiliary compressor and the gas cooler/condenser are mainly exogenous, especially at high outdoor temperatures. An amount of inefficiencies at least equal to 57.3% related to AUX can be decreased through the improvement of the remaining components and, in particular, through the enhancement of GC. A reduction in ΔTappr,gc, in fact, would allow lowering the pressure ratio of the auxiliary compressor and, accordingly, its inefficiencies. Although the preventable irreversibilities occurring in HS compr can mainly be lessened by improving the component itself, additional benefits can be accomplished by reducing the approach temperature of the MT evaporator. In fact, this would permit decreasing the pressure ratio of HS compr and, consequently, the exergy destruction rate associated with such component. Additionally, the higher the design outdoor temperature, the more beneficial an increase in the medium evaporating temperature would be. The reason for this result lies in the fact that the adoption of the latter expedient would entail a reduction in the discharge temperatures of both HS compr and AUX. The latter tends to have higher values of optimum intermediate pressure as the evaporating temperature rises. As a consequence of this, the amount of heat rejected through the high pressure heat exchanger and thus the irreversibilities related to GC would drop.
Conclusions
Although relevant enhancements are still necessary for R744 refrigeration systems operating in warm weathers, the interest in carbon dioxide as a refrigerant has been growing rapidly in the last few years. In this paper, the thermodynamic performance of a commercial CO2 refrigerating plant with parallel compression has been evaluated through the application of the advanced exergy analysis. Such configuration represents one of the most promising technologies to be employed in the near future. The design outdoor temperatures of 25 °C and 35 °C have been considered in order to evaluate both a transition operating condition (from subcritical to transcritical operations) and a transcritical one. The running modes of a typical European supermarket have been selected, whereas the global efficiencies of all the compressors have been obtained by means of some data provided from some manufacturers' selection software. Appropriate optimization procedures have been implemented in all the conducted analyses using the flash gas mass flow rate drawn by the auxiliary compressor (χ) and the intermediate pressure as independent variables in the evaluated transition running mode. The optimal gas cooler pressure has been utilized as an additional optimization input parameter in the chosen transcritical operating mode. Such value has been calculated in actual conditions and then kept constant during all the performed evaluations. According to the outcomes obtained in this study, it can be concluded that the only application of the conventional exergy analysis would have driven to some misleading results. The auxiliary compressor, in fact, is chiefly improvable by bringing down the irreversibilities of the remaining components, especially the ones associate with the gas cooler/condenser. On the other hand, the latter can be mainly enhanced by reducing the approach temperature of the MT evaporator. The adoption of such measure would allow also decreasing the inefficiencies of the high stage compressor. The following concluding remarks can thus be claimed:
• the advanced exergy analysis leads to a better understanding of the design procedure to be applied to the investigated solution; • the total avoidable exergy destruction of the studied system is slightly greater than the total unavoidable one at both the selected design temperatures; • the interaction among the components, except for the gas cooler/condenser, is weak.
